Background. Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract illness (LRTI) in children. Several promising live-attenuated RSV vaccines are in development. Defining additional markers of attenuation could enhance clinical trials.
Respiratory syncytial virus (RSV) is the primary cause of viral lower respiratory tract illness (LRTI) in infancy and early childhood [1] [2] [3] . Each year, RSV infection is estimated to lead to approximately 33 million cases of LRTI and up to 199 000 deaths in infants and children worldwide, [2] and approximately 2 million medically attended illnesses in infants and children in the United States [1] . Importantly, this burden of illness is not confined to infants: 78% of US children requiring medical attention for RSV infection are >1 year of age [1] .
RSV vaccines are urgently needed to prevent RSVassociated illnesses in infants and young children. Liveattenuated RSV vaccines offer the greatest promise of providing durable local and systemic immunity to afford protection throughout early childhood [4, 5] . In addition, whereas inactivated RSV vaccines have primed for enhanced disease in RSV-naive recipients, this is not the case for live-attenuated RSV vaccines [6] . An ideal live RSV vaccine will successfully balance attenuation and immunogenicity: the host response to the vaccine will not cause illness but will provide protective immunity against RSV LRTI. Achievement of this balance has been challenging because attenuation generally reduces immunogenicity, due in part to the reduced antigen expression associated with reduced viral replication. Candidate vaccines evaluated during the 1960s-1990s were either insufficiently attenuated [7, 8] or overattenuated [9] . However, several promising candidate live-attenuated vaccines are currently in clinical development [10] [11] [12] .
Assessment of the attenuation of live RSV vaccines has relied on clinical assessment and quantification of vaccine virus replication in nasal wash (NW) fluid [7] [8] [9] 13] . While these measurements provide critical clinical and virologic information, the contribution of local immune mediators to the clinical response to vaccination has not been assessed. Since host immune responses to RSV may contribute to disease pathogenesis [14] [15] [16] [17] , characterization of local cytokine and chemokine production following vaccination with a live-attenuated RSV vaccine might provide important additional information regarding attenuation. In addition, since administration of a live vaccine is a timed infection with an attenuated virus, longitudinal assessment of cytokine and chemokine levels with respect to baseline levels could provide important clues about the dynamics of the local immune response to natural RSV infection, particularly when evaluating data from the candidate vaccines that were insufficiently attenuated. Here, we provide a detailed assessment of the cytokines and chemokines detected in NW specimens obtained from RSV-naive children who received minimally attenuated, moderately attenuated, or highly attenuated live RSV vaccines.
Methods

Data and Specimens
This study made use of clinical data and NW specimens obtained from phase I clinical trials of 4 live-attenuated RSV vaccine candidates derived from the wild-type RSV A2 strain: cpts 248/955, cpts 530/1009, cpts 248/404, and r248/404/1030/ ΔSH [7, 8, 10] . Informed, witnessed, written consent was obtained from parents of all children who participated in these studies [7, 8, 10] . The first 3 of these candidates were derived biologically by serial passage at low temperature and chemical mutagenesis [7, 8] . rA2cp248/404/1030/ΔSH was derived using recombinant technology [10] . Each virus contains the same set of cold-passage (cp) attenuating mutations, each is temperature sensitive (ts), and each is attenuated primarily by point mutations in the viral polymerase protein or in a transcription signal that reduces viral RNA synthesis.
These 4 vaccine candidates were evaluated sequentially over 8 years and displayed a spectrum of attenuation when evaluated in RSV-naive infants and children ≤24 months of age. For the purposes of this study, we divided these specimens into 3 groups on the basis of clinical trials data. Group 1 included NW specimens from clinical trials of cpts 248/955 and cpts 530/ 1009. These 2 viruses were the least attenuated live RSV vaccine candidates: fever, upper respiratory tract illness, and/or otitis media were associated with shedding of vaccine virus, and LRTI (mild wheezing) was observed in 1 cpts 248/955 recipient [7] . In addition, cpts 248/955 and cpts 530/1009 were each transmitted to a single placebo recipient [7] . Group 2 included NW specimens obtained from clinical trials of cpts 248/404. cpts 248/404 was a moderately attenuated live RSV vaccine candidate. In phase I trials, this virus was restricted in replication, but caused significant nasal congestion in 1-3-month-old infant vaccinees [8] . Group 3 included NW specimens obtained from clinical trials of rA2cp248/404/1030/ΔSH, a highly attenuated RSV vaccine candidate that was well tolerated and moderately immunogenic in 1-3-month-old infants [10] . A nearly identical version of this virus, MEDI-559, is being evaluated in RSV-naive children (clinical trials registration NCT00767416). The doses of vaccine received were plaque-forming units (PFU) for subjects in groups 1, 2, and 3, respectively. Information regarding respiratory and febrile illnesses and quantification of vaccine viruses in NW specimens was obtained from previous clinical trials. To participate in these studies, children had to be completely healthy, without signs or symptoms of illness at the time of vaccination.
Measurement of Cytokine and Chemokine Levels in NW Specimens
NW specimens were selected for evaluation on the basis of 3 criteria: (1) vaccine virus was detected in NW specimens on at least 1 day following inoculation, (2) no adventitious viral agents were detected by culture in children with febrile or respiratory illnesses [7, 8, 10] , and (3) sequential NW specimens that had been stored at −80C and not previously thawed were available for testing. The NW specimens chosen for analysis included those obtained before inoculation, on the day of vaccination (study day 0); on the day of peak vaccine virus replication; and at 1 time point before (typically, 1-3 days before) and 2 time points after (typically, 3-10 days after) peak replication. Although the day of peak viral replication differed, with a later peak for the more attenuated candidate vaccines, all time points measured were within the first 18 days after inoculation. Cytokine and chemokine levels were measured in NW fluid using an electrochemiluminescence biosensor assay (Meso Scale Discovery, Gaithersburg, MD). Three types of kits were used, all in ultrasensitive format: the T-helper 1 (Th1)/T-helper 2 (Th2) 10-plex kit (which measures interferon γ (IFN-γ), interleukin 1β (IL-1β), IL-2, IL-4, IL-5, CXCL8 (IL-8), IL-10, IL-12 p70, IL-13, and tumor necrosis factor α (TNF-α), the chemokine 9-plex kit (which measures CCL11, CCL26, CXCL8 [IL-8], CXCL10, CCL2, CCL13, CCL22, CCL4, and CCL17), and a custom kit for measuring IFN-α2α, IFN-β, IL-17, IL-6, CCL3, and CCL5. Briefly, 25 µL of each NW sample was tested according to the manufacturer's instructions and read on a SECTOR Imager. Results were reported in picograms per milliliter.
Statistical Analysis
The median ages of children in each group were compared by the Mann-Whitney U test. Rates of illness were compared using the Fisher exact test. Mean log 10 peak viral titers were compared by the Student t test. The Spearman rank correlation coefficient (ρ) was used to estimate correlations between fold increases in cytokine levels.
To correct for the variability in levels of cytokines and chemokines observed at baseline (study day 0), the peak level of each analyte for each subject was compared to the value measured at baseline, with results of cytokine and chemokine measurements expressed as fold change over baseline. The maximum fold increase for each analyte was calculated for each subject. Differences in maximum fold increases between vaccine groups were compared using the Mann Whitney U test. Preliminary review of the data revealed that consistent increases over baseline were observed for 7 cytokines: IL-6, IFN-γ, IL-10, IL-13, IL1-β, IL-2, and TNF-α; these were selected for further analysis. A Bonferroni-adjusted significance level of 0.007 was calculated to adjust for the increased possibility of type-1 error in the comparisons of these cytokine measurements.
RESULTS
Subject Characteristics
NW specimens and clinical and virologic data from 20 RSVnaive young children were analyzed for this study. Group 1 included 7 children who received cpts 248/955 (n = 5) or cpts 530/ 1009 (n = 2), the minimally attenuated viruses. Group 2 included 6 children who received cpts 248/404, a moderately attenuated virus. Group 3 included 7 children who received rA2cp248/404/ 1030/ΔSH, a highly attenuated virus. The median ages of the children were 10 months (range, 7-14 months) for group 1, 1.75 months (range, 1-9 months) for group 2, and 2.5 months (range, 1.25-3.25 months) for group 3. Although NW specimens tested in this study were mostly from infants <12 months old, those in group 1 were significantly older than those in group 2 (P = .01) or group 3 (P = .002).
Clinical Response to Vaccines and Shedding of Vaccine Virus
Rhinorrhea and/or nasal congestion were observed frequently in each group of vaccinees (Table 1) . These minor illnesses were also observed frequently in placebo recipients (data not shown). While the rates of fever, LRTI, cough, and otitis media were greater for children in group 1 than those in either group 2 or group 3, only the differences in the rate of fever were statistically significant (P = .02 for group 1 vs group 2, and P = .02 for group 1 vs group 3).
Mean peak log 10 viral titers of vaccine virus shed were 4.03, 3.71, and 3.10 PFU/mL for children in groups 1, 2, and 3, respectively ( Figure 1) . While there was a trend toward reduced replication, these differences were not statistically significant, and considerable overlap in peak titers shed was observed among children in all 3 groups (Figure 1 ).
Levels of Cytokines and Chemokines in NW Samples Obtained Prior to Vaccination
As described above, physical examinations were performed on all children prior to vaccination, and each child was required to be afebrile and free of respiratory symptoms at enrollment. Despite the absence of clinical illness, levels of several cytokines and chemokines were substantially elevated at baseline, most notably CXCL8 (IL-8), IFN-β, CCL11, and CCL4 ( Figure 2 ). In addition, considerable variation in the range of baseline values was observed for 3 of these analytes: for CXCL8, 4-3576 pg/ mL, for IFN-β, 1-1132 pg/mL, and for CCL 11, 1-1296 pg/mL. No age effect was evident for baseline values of any of these cytokines or chemokines (not shown). These findings confirmed the importance of comparing cytokine measurements obtained Clinical data are shown for vaccinees from whom nasal wash specimens were available for analysis. All data were obtained from previously published studies [7, 8, 10] . Definitions of illness are as previously described [7, 8, 10] .
Abbreviations: LRTI, lower respiratory tract illness; URTI, upper respiratory tract illness. a Any respiratory or febrile illness. Figure 1 . Mean peak titer of vaccine virus shed by each subject in groups 1, 2, or 3. The mean peak log 10 titer of vaccine virus detected in groups 1, 2, and 3 was 4.03, 3.71, and 3.10, plaque-forming units (PFU)/ mL, respectively. These differences in mean peak log 10 titer were not statistically significant.
at time points following vaccination with those obtained at baseline, as described in Methods and below.
Longitudinal Analysis of Increases in Cytokine and Chemokine Levels in NW Specimens
The relationship between fold change in cytokine and chemokine levels, titer of vaccine virus shed, and clinical signs and symptoms (if any) was analyzed longitudinally for each subject. Data from a representative subject in each group are shown in Figure 3 . The subject from group 1 shed virus from days 3-9 after vaccination, with a peak log 10 titer of 5.6 PFU/mL on day 8. This subject experienced rhinorrhea (Figure 3 ) from days 7-14. Substantial increases in IFN-γ, IL-10, IL-13, IL-1β, and IFN-β levels were observed; peak increases occurred on day 14 for the first 4 analytes and on day 11 for IFN-β (Figure 3) . Thus, for this subject, vaccine virus shedding preceded but partially overlapped illness, and illness generally coincided with the period of maximum increases in these cytokines.
The results with this subject were generally representative of those in group 1. Viral shedding occurred in each of the 7 subjects, with a mean duration (last day of vaccine virus detection; ±SD) of 10.1 ± 2 days and a mean peak log 10 titer (±SD) of 4.0 ± 1.5 PFU/mL. Rhinorrhea occurred in 6 of 7 subjects, with mean onset (±SD) on day 7 ± 2.9 and a mean end (±SD) on day 13.8 ± 2.9, thus overlapping with but extending beyond the time of viral shedding (data not shown). Increases in cytokine and chemokine expression similar to that shown in Figure 3 were observed in all individuals and generally coincided with illness (data not shown).
The subject from group 2 shed virus on study days 5 and 7, with a peak log 10 titer of 3.5 PFU/mL on day 7 (Figure 3 ). This subject experienced nasal congestion (Figure 3 ) on day 6 and days 8-15. Thus, for this subject, the period of clinical illness also extended beyond the period of viral shedding. Increases in cytokine and chemokine levels were generally minimal or absent, with the exception of CCL4 and IL-6 levels, which coincided with viral shedding (Figure 3) . The results observed in this subject were generally representative of the group. Viral shedding occurred in each of the 5 remaining individuals, with a mean duration (±SD) of 8.3 ± 1.4 days and a mean peak log 10 titer (±SD) of 3.7 ± 1.2 PFU/mL. Nasal congestion occurred in 4 subjects (Table 1) and persisted beyond the period of viral shedding in 3 subjects. Increases in IL-6 and CCL4 levels occurred in 4 of 5 and 3 and 5 of these subjects, respectively.
The subject from group 3 shed virus on days 8 and 11 after vaccination, with a peak titer (±SD) of 2.9 log 10 PFU/mL ( Figure 3 ). This subject experienced rhinorrhea and mild congestion on study days 8 and 9 (green arrows). Minimal increases in cytokine and chemokine levels were observed in this subject ( Figure 3 ). Viral shedding occurred in each of the subjects in this group, with a mean duration (±SD) of 8.8 ± 2.5 days, and a mean peak log 10 titer (±SD) of 3.2 ± 0.9 PFU/mL Although 4 of the other 6 subjects had rhinorrhea or nasal congestion, onset for each of these children was ≥5 days after the last day vaccine virus was detected, suggesting a nonvaccine etiology of these symptoms. As noted for the subject shown in Figure 3 , minimal increases in cytokine and chemokine levels were measured in nasal washes obtained for subjects in this group.
Comparison of Increases in Cytokine and Chemokine Levels Between Groups
To compare data between subjects in groups 1, 2, and 3, we used the peak fold increase for each analyte and each subject and calculated the median peak fold increase for all cytokines and chemokines. Results from analyses of cytokines in which substantial differences between groups were observed are shown in Figure 4 . For each cytokine except IL-10, a stair-step diminution was observed that corresponded to increasing vaccine attenuation: subjects in group 1, who received the least attenuated RSV vaccine, had the greatest fold increase (black diamonds), followed by subjects in group 2, who received the moderately attenuated RSV vaccine (open triangles), and then by subjects in group 3, who received a highly attenuated RSV vaccine (black circles). When data from subjects in group 1 and subjects in group 3 were compared, median peak fold increases differed significantly for IFN-γ (P = .005) IL-1β (P = .002) IL-2 (P = .006), IL-6 (P = .007), and IL-13 (P = .007). Differences for TNF-α and IL-10 did not meet the Bonferroni-adjusted significance level (P = .038 and .018, respectively). No consistent Figure 2 . Geometric mean titers (GMTs) at baseline for cytokines and chemokines with substantial variability at baseline. Ranges at baseline were the following for all analytes shown: interleukin 1β (IL-1β), 0-30 pg/ mL; IL-6, 0-68.3 pg/mL; CXCL8, 4-3576 pg/mL; interferon β (IFN-β), 1-1132 pg/mL; CCL-11, 1-1296 pg/mL; CCL-2, 0-104.4 pg/mL; CCL-3 0-30.9 pg/mL; and CCL-4, 0-1238.1 pg/mL. differences in median peak fold increases were observed for IFN-β or for any of the chemokines (data not shown).
In general, the levels of measured cytokines increased or decreased in parallel; as examples, the Spearman rank correlation coefficients for peak levels of IL-10 and TNF-α, IL-10 and IFN-γ, IFN-γ and IL-13, and IL-10 and IL-1β were 0.68, 0.76, 0.85, and 0.88, respectively. In contrast, peak increases in levels of these cytokines were weakly correlated with peak viral titer: ρ for peak viral titer and TNF-α, IL-10, IFN-γ, IL-13, and IL-1β were 0.14, 0.39, 0.36, 0.37, and 0.33, respectively. . Peak fold change from baseline in levels of selected cytokines. To correct for the variability in levels of cytokines and chemokines observed at baseline (study day 0), the peak level of each analyte for each subject was compared to the value measured at baseline. Results are expressed as fold change over baseline (dotted line). For each cytokine, the black diamonds represent data from group 1, the open triangles represent data from group 2, and the black circles represent data from group 3. The floating bars represent the range from minimum to maximum values; the median values for each subject are shown. Asterisks indicate a P value of ≤ .007 for the difference between group 1 and group 3. Abbreviations: IFN-γ, interferon γ; IL, interleukin; TNF-α, tumor necrosis factor α.
DISCUSSION
In this study, we demonstrated an inverse relationship between the levels of cytokines measured in NW fluid in RSV-naive children and the levels of attenuation of several live RSV vaccines based on RSV strain A2. These vaccine viruses each contained the same set of attenuating cp mutations derived by serial passage at low temperature and were attenuated primarily by ts point mutations affecting RNA synthesis. Thus, direct comparisons were appropriate. Children in group 1, who received either of the 2 least attenuated viruses, cpts 248/955 or cpts 530/1009, had significantly greater fold increases in IFN-γ, IL-1β, IL-2, IL-6, and IL-13 levels than children in group 3, who received the highly attenuated rA2cp248/404/1030/ΔSH. While not statistically significant, differences in levels of TNF-α and IL-10 were also observed. Children in group 2, who received the moderately attenuated cpts 248/404 virus, had levels of NW cytokines that were intermediate in magnitude between those if children who received the least attenuated and highly attenuated vaccine candidates.
Although the peak increases in levels of several cytokines in NW specimens differed significantly between groups 1 and 3 ( Figure 4 ), the differences in peak titers of vaccine virus shed were not significant (Figure 1 ). These findings suggest that clinical attenuation of live RSV vaccines is the combined result of restriction of virus replication and diminution of the inflammatory host response. The reduction in viral replication likely reduces the amount of direct virus-induced epithelial cell damage. In addition, the ts point mutations, which are found in the viral polymerase and a transcription gene-start signal, are thought to reduce viral RNA synthesis. This would be most pronounced with rA2cp248/404/1030/ΔSH, which contains the greatest number of attenuating mutations and is the most attenuated of these viruses. The reduction in the synthesis of viral RNA and proteins likely reduces the stimulation of innate immune responses mediated by Toll-like and cellular cytoplasmic receptors. It is possible that these attenuating mutations may have additional and independent effects on the host response. Further work is needed to explore this possibility.
When compared to cytokine levels at baseline, infection with either cpts 248/955 or cpts 530/1009 was associated with increased levels of proinflammatory, antiinflammatory, regulatory, Th1-type, and Th2-type cytokines, including TNF-α, IFN-γ, IL-1β IL-2, IL-6, IL-10, and IL-13. Interestingly, elevated levels of IL-4 were not found, as has been shown in other studies of children with RSV infections [18] ; however, these results are consistent with those of studies that have shown increases in TNF-α, IL-1β [19] IL-6 [19] [20] [21] , and IL-10 [21] levels in respiratory secretions from children infected with RSV.
This study also provided an opportunity for a longitudinal assessment of the relationships between clinical symptoms, shedding of RSV, and cytokine and chemokine production. An important limitation of this analysis is that all of the viruses in this study were attenuated, compared with wild type RSV; even with the minimally attenuated cpts 248/955 and cpts 530/1009 viruses, only 1 child in this study experienced LRTI. For this reason, the findings presented here do not represent the full spectrum of disease pathogenesis observed during natural RSV infections. Nevertheless, children in groups 1 and 2 exhibited a high frequency of clinical disease that appeared to be vaccine related, and these timed infections with attenuated viruses may provide important clues as to the mechanisms of RSV disease and viral clearance in RSV-naive children.
In reviewing these data, 2 features became apparent. First, viral shedding generally preceded clinical symptoms, and symptoms persisted after virus was no longer detectable by culture (Figure 3 ). These data are consistent with those from preclinical studies [22, 23] and a clinical treatment trial of the RSV F monoclonal antibody palivizumab [24] , which suggest that the host response contributes to RSV disease. Second, increases in levels of proinflammatory and antiinflammatory cytokines (IL-1β and IL-10, respectively) and of Th1-and Th2-type cytokines (IFN-γ and IL-13, respectively) were all highly correlated. Thus, there was no evidence of a cytokine imbalance; rather, these cytokines appeared in concert as viral replication diminished.
An additional important feature of this study was the availability of a baseline ( preinoculation) NW sample from each child. While many cytokines (eg, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, and IL-13) were virtually undetectable in the baseline specimens, CXCL8, IFN-β, CCL11, and CCL4 were present in substantial and highly variable amounts. This was surprising, since children were required to be symptom-free as a prerequisite for enrollment. It may be that collection of the NW specimen, which was performed using saline and a bulb syringe, induced mild local inflammation, leading to the release of preformed mediators such as CXCL8. If this is the case, it is likely that any method of collection from the respiratory tract might produce this type of response in some children. From a practical standpoint, this suggests that caution should be used in interpreting levels of these particular analytes when measured in clinical studies that rely on samples obtained at the time of acute illness [25, 26] .
This study has several important limitations. First, most illnesses were confined to the upper respiratory tract, and samples were obtained from the upper respiratory tract, so no inferences can be drawn about RSV LRTI. In addition, infants who received cpts 248/404 and rA2cp248/404/1030/ΔSH were significantly younger than those who received cpts 248/955, so we cannot say with certainty that the near absence of detectable nasal cytokine responses in recipients of rA2cp248/404/1030/ ΔSH was vaccine virus related, rather than age related. However, the facts that nearly all participants were <12 months old and that other studies have shown exuberant cytokine responses in young infants [27] suggest that inherent properties of the vaccine viruses, rather than age of the vaccinees, determined the pattern of cytokine response.
In summary, we have shown that insufficiently attenuated RSV vaccines elicit a complex pattern of cytokine responses in RSV-naive infants and children and that these responses are mostly absent in recipients of an appropriately attenuated live RSV vaccine. Data from this study suggest that measurement of nasal cytokine levels is an additional useful tool for the assessment of attenuation of live RSV vaccines.
Notes
